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ABSTRACT 

An experimental i nves t i ga t i on  o f  a hole i n t e r a c t i o n  e f f e c t  and a load 

in t roduc t i on  e f f e c t  f o r  [(~30/90)& and c(t45)12]s laminates w i t h  holes was 

conducted. 

region was i n e f f e c t i v e  f o r  carry ing load..  The membrane s t i f f n e s s  o f  a specimen 

w i t h  a hole i n t e r a c t i o n  region i s  less than the membrane s t i f f n e s s  of a s i m i l a r  

A hole i n t e r a c t i o n  region was i d e n t i f i e d  i n  some specimens, and t h i s  

specimen without a hole i n t e r a c t i o n  region. A load i n t roduc t i on  e f f e c t  t h a t  

occurs on the sublaminate l eve l  was also observed. This e f f e c t  can cause a non- 

uniform load d i f f u s i o n  i n t o  the i n t e r i o r  of the specimen. 

INTRODUCTION 

The response and f a i l u r e  cha rac te r i s t i cs  of composite laminates must be 

understood t o  design r e l i a b l e ,  e f f i c i e n t  composite structures.  For example, 

t h e  behavior o f  laminates w i t h  d i s c o n t i n u i t i e s  i s  being widely studied. 

Experimental r e s u l t s  of compression-loaded composite laminates have shown t h a t  

severe reductions i n  f a i l u r e  s t r a i n  can occur due t o  l o c a l  d i s c o n t i n u i t i e s  such 

as holes ( r e f .  1). The data i n  reference 1 are for o r tho t rop i c  and quasi - isot rop ic  

specimens t h a t  can be described as fiber-dominated, i*e. ,  t he  specimens had 00 

f i b e r s  p a r a l l e l  t o  the  loading d i rect ion,  and the  p l i e s  containing these f i be rs  
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governed the  specimen response. The e f f e c t  of a ho le  on t h e  compression f a i l u r e  

s t r a i n  o f  [ (  45)12Is laminates has a lso  been stud ied ( re f .  2). T 

s t r a i n  f o r  a [(+45)12Is laminate w i th  a hole was found t o  be h igh 

f a i l u r e  s t r a i n  f o r  a fiber-dominated, quasi - isot rop ic  lamin 

hole. The f a i l u r e  mode f o r  these [(f45)12Is specimens was not t he  same as the  

f a i l u r e  mode f o r  t he  quasi - isot rop ic  specimens. A f a i l u r e  predic  

( re f ,  3) has been appl ied t o  compression-loaded laminates w i t h  a ho le f o r  a 

va r ie t y  o f  laminate or ien ta t ions  and specimen geometries ( re f .  4). 

from reference 4 showed exce l len t  co r re la t i on  between predic ted and experimental 

compression f a i l u r e  s t r a i n s  f o r  fiber-dominated laminates. How r, the  exper i -  

mental f a i l u r e  s t r a i n  f o r  some [('30/90)& laminates d i d  not agree w i t h  the  

predic t ion.  The compression s t rength f o r  t h i s  laminate was described as being 

con t ro l l ed  by mechanisms other than f i lament  strength.  

w i t h  a s i m i l a r  

The r e  

The [ ( + 4 5 ) 1 ~ ] ~  and [ (k30 /90)8 ]~  laminates have angle p l i e s  as the  p r i n c i p a l  

load-carry ing layers.  Because o f  these p l i es ,  load d i f f u s i o n  i n  the  laminates 

i s  governed by inplane shearing mechanisms t h a t  occur on a sublaminate leve l .  

For t h i s  report ,  laminates t h a t  have such mechanisms are described as shear- 

dominated. 

behavior of the  00 p l i es .  The f a i l u r e  s t r a i n  f o r  a shear-dominated laminate w i t h  

a ho le may be d i f f e ren t  from t h e  f a i l u r e  s t r a i n  f o r  a fiber-dominated laminate 

Load d i f f u s i o n  i n  fiber-dominated laminates i s  governed by the  

w i th  a s i m i l a r  hole because o f  t he  d i f f e r e n t  

The current  i nves t i ga t i on  was conducted 

the center o f  shear-dominated laminates w i t h  

sublaminate load d i f f u s i o n  mechanisms. 

t o  study the  s t r a i n  d i s t r i b u t i o n  i n  

holes and t o  determine the cause o f  

d i  fferences between experimental and predic ted f a i  l u r e  s t ra ins  fo r  [ (+30/90)8]~ 

laminates w i t h  a hole; resu l t s  o f  t h i s  i nves t i ga t i on  are reported herein. Data 

are presented f o r  [ (+ 30/90)8], graphi te-epoxy 1 ami nates w i t h  one o r  two 

holes and f o r  [(+45)12]s graphite-epoxy laminates w i t h  two holes. The e f f e c t  
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o f  ho le i n t e r a c t i o n  on laminate response for  [(+30/90)8]s and [(+45)1& l a m i -  

nates w i th  two holes i s  discussed. The i n t e r a c t i o n  between the load d i f f u s i o n  

i n t o  the laminate and the  load d i s t r i b u t i o n  around the  hole i s  described f o r  

these laminates. The compression f a i l u r e  s t r a i n s  fo r  a quaSi-iSotrOpic [('30/90)8]s 

laminate w i t h  a s ing le  ho le are compared t o  the compression f a i l u r e  s t r a i n s  f o r  

a fiber-dominated, quasi - i so t rop i c  [0/+45/90]s-class laminate with a s i m i l a r  hole. 

TEST SPECIMENS 

The graphite-epoxy composite specimens tested i n  t h i s  i nves t i ga t i on  were 

fabr icated f r o m  commercially avai lab le un id i rec t i ona l  Hercules AS4 graphi te f i b e r  

layers preimpregnated w i t h  450K cure Hercules 3502 thermosett ing epoxy resin.  

Each laminate contained 48 layers and was approximately 0.64 cm th i ck .  The l a m i -  

nates were cured i n  an autoclave using the manufacturer's recomnended procedure, 

Fol lowing cure, the laminates were u l t r a s o n i c a l l y  C-scanned t o  estab l ish specimen 

q u a l i t y  and then cut i n t o  t e s t  specimens. A l l  specimens were 12.7 cm wide by 

e i t h e r  25.4 cm o r  38.1 cm long. The loaded ends of each specimen were machined 

f l a t  and p a r a l l e l  t o  permit uniform compression loading. , C i r cu la r  holes were 

machined i n t o  the specimens w i t h  diamond impregnated core d r i l l s .  The stacking 

sequence and geometry f o r  each specimen are given i n  Table 1. 

The specimen geometry i s  symmetric w i t h  respect t o  the  hor izonta l  center-  

l i n e  and the v e r t i c a l  center l ine.  Hole centers are located using the distance 

from the specimen edge e (edge distance) and the distance between centers a 

as shown i n  Table 1. Only e i s  needed t o  describe the hole l oca t i on  f o r  

specimens w i t h  one hole. Results f o r  specimens w i t h  one hole are presented 

us ing e. E i t h e r  e o r  a can be used t o  describe the  specimen geometry f o r  

specimens o f  t he  same length w i t h  two holes. For consistency, r e s u l t s  f o r  

specimens w i t h  two holes are a lso presented using e. 



Ident i f i cat  i on o f  commerci a1 products and compani es i n repor t  i s  used 

t o  describe adequately t h e  t e s t  mater ia ls.  The i d e n t i f i c a t i o n  o f  these commer- 

c i a l  products does not cons t i t u te  endorsement, expressed o r  i m p l i  

products by t h e  National Aeronautics and Space Administration, 

APPARATUS AND TESTS 

Test specimens were loaded i n  a x i a l  compression using a 133-MN ca 

hydraul ic  t e s t i n g  machine. The loaded ends o f  the specimen were clamped by 

f i x t u r e s  dur ing tes t ing ,  and the  sides were simply supported b y  r e s t r a i n t s  t o  

prevent the specimen from buck l ing as a wide column. A t y p i c a l  specimen w 

two holes i s  shown mounted i n  the  support f i x t u r e  i n  f i g u r e  1, 

E l e c t r i c a l  resistance s t r a i n  gages were used t o  monitor s t r a i  ns, and di r e c t  - 
current  d i  f fe ren t  i a1 transformers were used t o  moni t o r  1 ongi t u d i  na l  d i  s-pl acements 

o f  the  ends, 

appl ied loads were recorded on magnetic tape a t  regular  t ime i n t e r v a l s  dur ing 

the  tes t .  

E l e c t r i c a l  s ignals  from the  instrumentat ion and the corresponding 

A l l  specimens were tested t o  f a i l u r e  by quasi-statica1,ly apply ing a 

compressive load. The [('30/90)8]s specimens had e i t h e r  one o r  two holes 

(see Table 1). The holes had diameters ranging from 1.27 cm t o  5.08 cm and were 

located on the  cen te r l i ne  p a r a l l e l  t o  t h e  specimen s ide  a t  distances ranging from 

5.08 cm t o  19.05 cm from t h e  specimen end. A l l  [ ( ' 4 5 ) 1 ~ ] ~  specimens had two 

holes. The holes had e i t h e r  1.27 cm o r  2.54 cm diameters and were located on 

the  cen te r l i ne  p a r a l l e l  t o  the  specimen s ide a t  e i t h e r  6.35 cm o r  7.62 cm from 

the  specimen end. 

i n te rsec t  f i b e r s  beginning a t  t h e  specimen end. 

end d i d  not i n te rsec t  the  holes i n  the  38.1-cm-long specimens. One specimen 

was tes ted  f o r  each conf igurat ion,  A t o t a l  o f  f i f t e e n  specimens were tested, 

A l l  25,4-cm-long specimens had holes t h a t  were located t o  

Fibers beginning a t  t he  specimen 
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RESULTS AND DISCUSSION 

This sect ion presents experimental r e s u l t s  f o r  [ (+30/90)& 1 aminates and 

f o r  [(k45)12Is laminates. F a i l u r e  i s  discussed f o r  each laminate stacking 

sequence. A hole i n t e r a c t i o n  e f f e c t  i s  discussed using the  s t r a i n  d i s t r i b u t i o n  

i n  the center o f  the laminate a t  f a i l u r e .  The membrane s t i f f n e s s  EA as a 

func t i on  o f  specimen geometry i s  described f o r  the [ (+30/90)& specimens. 

Membrane s t i f f n e s s  data f o r  the [(k45)12Is specimens were not obtained due t o  

the nonl inear behavior o f  t h i s  laminate. A load i n t roduc t i on  e f f e c t  i s  described. 

F a r - f i e l d  laminate s t ress and s t r a i n  data a t  f a i l u r e  as a func t i on  o f  specimen 

geometry are presented . 
[ (+30/90)8& Lami nates 

Typical s t ress -s t ra in  behavior f o r  a region near t h e  edge o f  a hole i n  a 

[(k30/90)& laminate i s  shown i n  f i g u r e  2a. F a i l u r e  o f  these laminates w i t h  

Roles i s  defined i n  t h i s  i nves t i ga t i on  as the f i r s t  l o c a l  f a i l u r e  event t h a t  

occurs a t  the edge o f  the hole as i nd i ca ted  by a sharp d i s c o n t i n u i t y  i n  t h i s  

s t ress -s t ra in  curve ( f i g u r e  2a). 

f a r - f i e l d  laminate s t ress when the  f i r s t  l oca l  f a i l u r e  event occurs. The f a i l u r e  

s t r a i n  i s  ca lcu lated using the  specimen end-shortening a t  t h e  f a i l u r e  stress and 

I n  t h i s  report ,  the f a i l u r e  s t ress i s  the 

the  i n i t i a l  specimen length. 

Table 2. 

F a i l u r e  s t ress and s t r a i n  data are reported i n  

The specimen continues t o  ca r ry  load a f t e r  t he  f i r s t  l o c a l  f a i l u r e  

event whi le  add i t i ona l  l o c a l  f a i l u r e  events occur. A t y p i c a l  region of l o c a l  

f a i l u r e  c lose t o  the hole i s  shown by the radiograph i n  f i g u r e  2b. An X-ray 

opaque dye was appl ied a t  the edge o f  the hole. The dye penetrated i n t o  any 

crack o r  delamination and enhanced the  image o f  the l o c a l  f a i l u r e  region. The 

maximum load-carrying c a p a b i l i t y  of a specimen occurs when the region of l o c a l  

f a i l u r e  propagates across the specimen width. 
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Hole I n t e r a c t i o n  E f f e c t  

The a x i a l  s t r a i n  a t  f a i l u r e  along the  y-ax is  (x = 0) i n  f i g u r e  3 i s  shown 

for  specimens with two 1.27-cm-diameter holes. The s t r a i n  data are normalized 

by the  f a r - f i e l d  a x i a l  s t r a i n  a t  f a i l u r e .  The a x i a l  s t r a i n  along x = 0 i s  a 

measure o f  load d i f f u s i o n  i n t o  the  region between the  holes. For example, f o r  

e/d = 4.0 (specimen A6, t r i a n g u l a r  symbols), t he  s t r a i n  a t  the center o f  the 

specimen i s  the  same as t h e  f a r - f i e l d  s t ra in .  The load i s  d i f f used  around t h e  

hole and i s  un i formly d i s t r i b u t e d  i n  t h e  center o f  t he  laminate. For t h i s  

specimen t h e  holes are independent o f  each other. However, f o r  e/d = 7.5 and 

e/d = 8.5 (specimen A7, square symbols and specimen A9, c i r c u l a r  symbols, 

respect ive ly) ,  t he  s t r a i n  a t  the center o f  the specimen i s  l ess  than t h e  f a r -  

f i e l d  s t r a i n ,  and the load i s  d i f f u s e d  away from the center o f  t he  laminate. 

For  these specimens, the holes appear t o  i n te rac t .  

The a x i a l  s t r a i n  along the  y-axis ( x  = 0) a t  f a i l u r e  normalized by the 

f a r - f i e l d  a x i a l  s t r a i n  a t  f a i l u r e  i s  shown i n  f i g u r e  4 f o r  specimens w i t h  two 

2.54-cm-diameter holes. 

(specimen A l l )  are p l o t t e d  using square and c i r c u l a r  symbols, respect ively.  

both cases the  s t r a i n  i n  the center o f  the specimen i s  lesk than the  f a r - f i e l d  

s t r a i n  i n d i c a t i n g  t h a t  t he  load i s  d i f f u s e d  away from the center o f  the laminate. 

For these specimens also, the holes appear t o  i n t e r a c t .  

Data f o r  e/d = 2.0 (specimen A10) and fo r  e/d = 3.5 

I n  

These s t r a i n  data f o r  specimens w i t h  two holes show t h a t  the s t ress f i e l d  

around one hole may i n t e r a c t  w i t h  the s t ress f i e l d  around the  other hole t o  

d i f f u s e  load away from the region between the  holes. 

e f f e c t  on the load d i f f us ion  i s  re fe r red  t o  as a hole i n t e r a c t i o n  e f f e c t .  The 

hole i n t e r a c t i o n  e f f e c t  i s  a func t i on  o f  hole diameter and hole locat ion.  When 

t h i s  ef fect  occurs, the inplane area between the holes can be described as the  

hole i n t e r a c t i o n  region. The distance between the hole centers (a  i n  Table 1) 

I n  t h i s  report ,  t h i s  
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i s  a measure o f  the s i ze  o f  the hole i n t e r a c t i o n  region. Hole i n t e r a c t i o n  has 

been observed f o r  i s o t r o p i c  p la tes  with two holes and has been shown t o  af fect  

t he  s t ress t r a j e c t o r i e s  i n  such p la tes  ( r e f .  5). Load i s  d i f f u s e d  away from 

t h e  centers o f  specimens A7, A9,  A10,  and A l l  due t o  ho le i n te rac t i on ,  and t h i s  

behavior suggests t h a t  t he  hole i n t e r a c t i o n  region i s  i n e f f e c t i v e  f o r  ca r ry ing  

1 oad . 
Laminate membrane s t i f f n e s s  EA was measured f o r  each [ (+ 30/90)8]s specimen 

w i t h  holes and i s  reported i n  Table 2. The membrane s t i f f n e s s  was obtained us ing 

the  slope o f  t he  load-shortening curve f o r  each specimen. The load-shortening 

response f o r  t h i s  laminate was l i n e a r  t o  f a i l u r e .  

specimens w i t h  holes i s  shown as a func t i on  o f  the edge-distance-toPhole-diameter 

r a t i o  e/d i n  f i g u r e  5. Data are p l o t t e d  f o r  specimens having 1.27-cm- and 

2.54-cm-diameter holes. The open and closed symbols are data f o r  specimens w i t h  

a s i n g l e  hole and w i t h  two holes, respect ively.  For the  specimens w i t h  1.27-cm- 

diameter holesI EA decreases t o  a minimum a t  e/d = 8.5 and then increases as 

e/d increases (i.e., as t h e  holes get c loser  together). However, f o r  t he  speci- 

The membrane s t i f f n e s s  o f  

mens w i t h  2.54-cm-diameter holes EA on ly  increases as e/d increases. The 

s t r a i n  data f o r  specimens w i t h  1.27-cm-diameter holes show* t h a t  a specimen w i t h  

small e/d (e.g., specimen A6, e/d = 4.0) does not have a hole i n t e r a c t i o n  e f f e c t  

because the holes are f a r  apart.  Increasing e/d (i .e., moving the  holes c loser  

together)  r e s u l t s  i n  a ho le i n t e r a c t i o n  e f f e c t  which decreases the membrane 

s t i f f n e s s  t o  a minimum a t  approximately e/d = 8.5. The membrane s t i f f n e s s  

decreases s i  nce the  hol  e i n t e r a c t i  on r e g i  on i s i nef f e c t  i ve f o r  c a r r y i  ny 1 oad . 
Further increasing e/d (i .e., moving t h e  holes s t i l l  c l ose r  together u n t i l  they 

merge i n t o  one hole)  reduces and f i n a l l y  el iminates the hole i n t e r a c t i o n  e f f e c t .  

The membrane s t i f f n e s s  increases t o  the  value obtained fo r  small e/d as t h e  hole 

i n t e r a c t i o n  e f f e c t  i s  reduced. The data i n  f i g u r e  5 f o r  specimens with 2.54-cm- 
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diameter holes show only  the  EA response where increas ing e/d reduces the  ho le  

i n t e r a c t i o n  e f fec t  and, thus, increases the  membrane s t i f f ness .  Hence, t h e  

membrane s t i f f n e s s  o f  a p l a t e  a f fec ted  by hole i n t e r a c t i o n  i s  l ess  than t h e  

membrane s t i f fness  of a p l a t e  t h a t  i s  not  a f fec ted  by ho le  in te rac t ion ,  The 

data i n  f igure  5 i l l u s t r a t e s  the  membrane s t i f f n e s s  i s  a usefu l  proper ty  f o r  

studying the in f luence o f  ho le i n t e r a c t i o n  on laminate response. 

Load In t roduc t ion  E f f e c t  - 
F a r - f i e l d  s t r a i n  a t  t he  maximum load as a func t ion  o f  t he  hole-diameter-to- 

p la te-width r a t i o  i s  presented i n  f i g u r e  6. A l l  data i n  t h i s  f i g u r e  were obtained 

from specimens w i th  a s ing le  c i r c u l a r  hole. Upper and lower bound on t h e  f a i l u r e  

s t r a i n  based on notch i n s e n s i t i v e  and notch sens i t i ve  laminate behavior, respec- 

t i v e l y  ( re f .  6), are a lso  shown i n  t h i s  f igure .  For comparison w i t h  a f i b e r -  

dominated laminate, the  predic ted f a i l u r e  s t r a i n  based on analys is  ( l i n e )  and t h e  

data ( c i r c u l a r  symbols) are shown on the  f i g u r e  f o r  a quasi - isot rop ic  laminate 

taken from reference 4. The open and h a l f - f i l l e d  squares i n  f i g u r e  6 represent 

t e s t  r e s u l t s  f o r  25.4-cm-1 ong [: (L 3O/9O) 815 specimens, and some o f  these data 

are less  than the  establ ished lower bound. This behavior may be due t o  a load 

in t roduc t i on  e f f e c t .  The f i l l e d  squares i n  f i g u r e  6 represent t e s t  r e s u l t s  f o r  

38.1-cm-long specimens, and these data agree w i t h  the  f a i l u r e  predic t ion.  These 

data i nd i ca te  t h a t  t he  load in t roduc t i on  e f f e c t  i s  e l iminated by lengthening the  

speci men. 

The load in t roduc t i on  e f fec t  i s  a funct ion o f  specimen length, ho le diameter, 

and p l y  o r i en ta t i on  and can occur i n  shear-dominated laminates. This e f f e c t  occurs 

on a sublaminate l e v e l  and i s  i l l u s t r a t e d  i n  f i g u r e  7 f o r  a [+30/90]s-class 

laminate w i t h  a s ing le  hole. For a 25.4-cm-long specimen w i t h  a 5.08-cm-diameter 

ho le ( f i g u r e  7a), a 300 f i b e r  beginning a t  t he  specimen corner i n te rsec ts  the  

hole before i n t e r s e c t i n g  the  specimen s ide  causing a nonuniform load d i f f u s i o n  
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i n t o  the  i n t e r i o r  o f  the  laminate. This e f f e c t  i s  e l iminated by lengthening t h e  

specimen as shown i n  f i g u r e  7b. 

Far-Fi e l  d Fa i  1 ure S t  r a i  n 

I n  add i t i on  t o  hole diameter, f a i l u r e  s t r a i n  i s  a lso  a func t ion  o f  t he  hole 

loca t ion .  F a r - f i e l d  s t r a i n  a t  f a i l u r e  i s  shown i n  f i g u r e  8 as a funct ion o f  e/d. 

Data are p l o t t e d  f o r  specimens having 1.27-cm-diameter holes and fo r  specimens 

having 2.54-cm-diameter holes. The open symbols are data f o r  specimens w i th  a 

s ing le  hole; t he  closed symbols are data f o r  specimens w i t h  two holes. 

specimens w i t h  1.27-cm-diameter holes (square symbols), the  f a i l u r e  s t r a i n  f o r  

e /d = 4.0 i s  t he  same as the  f a i l u r e  s t r a i n  f o r  e/d = 10.0. These data suggest 

t h a t  t he  load in t roduc t i on  e f f e c t  may have a n e g l i g i b l e  in f luence on( the  f a i l u r e  

s t r a i n  f o r  specimens w i t h  1.27-cm-diameter holes. 

var ies f o r  e/d = 7.5, 8.0, and 8.5. This va r ia t i on  may be due t o  the  hole i n t e r -  

ac t i on  e f f e c t  t h a t  was observed f o r  these values o f  e/d. 

f o r  the  specimens w i t h  2.54-cm-diameter holes ( c i r c u l a r  symbols) increases as 

e/d increases. For example, t he  f a i l u r e  s t r a i n  o f  these specimens i s  a minimum 

f o r  e/d = 2.0 (specimen A10) and i s  a maximum f o r  e/d = 7.5 (specimen A3) .  I n  

add i t ion  t o  the  hole i n t e r a c t i o n  e f f e c t  described above, specimen A10 may a lso  

be in f luenced by the  load in t roduc t i on  e f fec t .  Specimen A3 has a s ing le  hole 

and i s  not in f luenced by t h e  load in t roduc t i on  e f f e c t  because a 300 f i b e r  i n  

For t h e  

However, t he  f a i l u r e  s t r a i n  

The f a i l u r e  s t r a i n  

i n te rsec ts  the  specimen s ide before i n te rsec t i ng  the  hole. 

[ ( 545) 12& Lami nates 

f a r - f i e l d  s t ress -s t ra in  curve i s  shown i n  f i g u r e  9a f o r  a specimen 

w i th  two 1.27-cm-diameter holes. The behavior i s  nonlinear, and f a i l u r e  i s  

1 abeled on the  curve. F a i  1 ure o f  [ ( +45)12]s 1 ami nates w i t h  holes corresponds 

t o  near-zero slope o f  the  f a r - f i e l d  s t ress -s t ra in  curve. A t y p i c a l  f a i l e d  speci- 

men was C-scanned, and a photograph o f  the  r e s u l t s  i s  shown i n  f i g u r e  9b. Local 

t h i s  specimen 

A t yp i ca  
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f a i l u r e  i s  ind ica ted  by the  white regions on the  photograph. The C-scan r e s u l t s  

show 2450 bands o f  f a i l u r e  t h a t  extend from the  ho le  boundary t o  t h e  simply- 

supported edges. The primary compressive f a i  l u r e  mechani sm f o r  t 

appears t o  be t h e  same matrix-shearing mechanism t h a t  was i d e n t i f i e d  f o r  

[(*45)12], laminates w i t h  a s ing le  c i r c u l a r  ho le i n  reference 2. The bands 

i n  f i g u r e  9b are described as matrix-shearing bands. F a i l u r e  s t ress  and s t r a i n  

data f o r  t he  [(245)12Is specimens are presented i n  Table 3. Membrane s t i f f -  

ness data were not  obtained due t o  the  nonl inear load-end shortening behavior 

f o r  t h i s  laminate or ien ta t ion .  

The a x i a l  s t r a i n  a t  f a i l u r e  along the  y-ax is  ( x  = 0) i n  f i g u r e  10 i s  shown 

f o r  a specimen w i t h  two 1.27-cm-diameter holes (specimen B1, square symbols) and 

f o r  a specimen w i t h  two 2.54-cm-diameter holes (specimen BZ, c i r c u l a r  symbols) , 

The s t r a i n  data are normalized by the  f a r - f i e l d  a x i a l  s t r a i n  a t  f a i l u r e .  The 

s t r a i n  f o t  specimen B 1  i s  approximately constant across t h e  width o f  the  specimen 

and i s  w i t h i n  ten  percent of t he  f a r - f i e l d  s t ra in .  For t h i s  specimen the  holes 

are independent o f  each other. The s t r a i n  i n  the  center o f  specimen 82 i s  l ess  

than the f a r - f i e l d  s t ra in .  This behavior i s  the  r e s u l t  o f  hole in te rac t ion .  

F a i l u r e  s t ress as a func t ion  o f  t he  edge-distance-toLhole-diameter r a t i o  

e/d i s  shown i n  f i g u r e  11. Fa i l u re  s t ress i s  p l o t t e d  instead o f  f a i l u r e  s t r a i n  

(cf., f i g u r e  8) s ince the  f a i l u r e  s t ress i s  a more accurately-def ined maximum 

value than the  f a i l u r e  s t r a i n  f o r  t h i s  laminate or ien ta t ion .  Data f o r  specimens 

having 1.27-cm-diameter holes and f o r  specimens having 2.54-cm-diameter holes 

are p l o t t e d  i n  f i g u r e  11 using square and c i r c u l a r  symbols, respect ively.  The 

open symbols are data f o r  specimens w i t h  a s ing le  ho le (ref ,  2), and the  closed 

symbols are data f o r  specimens w i t h  two holes. These l i m i t e d  data suggest t h a t  

t he  laminate s t rength does not appear t o  be inf luenced by a load in t roduc t i on  

e f fec t .  The load in t roduc t i on  e f f e c t  may be a funct ion of the inplane shear 
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modulus s ince load d i f f u s i o n  i n  these laminates i s  governed by inplane shearing 

mechanisms. The inp lane shear modulus fo r  a [ ( + 4 5 ) 1 ~ ] ~  laminate i s  greater 

than the  inplane shear modulus fo r  a [(+30/90)& laminate. 

CONC LUD I NG REMARKS 

An inves t i ga t i on  o f  a ho le i n t e r a c t i o n  e f f e c t  and a load in t roduc t i on  e f f e c t  

f o r  [ ( +30/90)& and [ (+45)12Is 1 ami nates w i th  holes was conducted. These 

laminates were described i n  t h i s  study as shear dominated since load d i f f u s i o n  

i n  these laminates i s  governed by inplane shearing mechanisms t h a t  occur on the 

sublaminate leve l .  The [(+30/90)8]s specimens had one o r  two holes; a l l  t he  

[ ( +45)1zIs specimens had two holes. The response o f  shear-dominated :laminates 

w i t h  holes was sens i t i ve  t o  specimen geometry. The r e s u l t s  o f  t h i s  i nves t i ga t i on  

i l l u s t r a t e  t h a t  e f f e c t s  on a sublaminate l e v e l  inf luence the  global  laminate 

response . 
A hole i n t e r a c t i o n  e f f e c t  t h a t  r e s u l t s  from the  s t ress  f i e l d  around one hole 

i n t e r a c t i n g  w i t h  the  s t ress  f i e l d  around another hole was i d e n t i f i e d  f o r  some 

specimens w i th  two holes. The s t r a i n  d i s t r i b u t i o n  i n  the  center o f  these speci- 

mens showed t h a t  load was d i f f u s e d  away from the  center o f  t'he laminate. This 

behavior was observed f o r  both [ (+3O/9O)8Is and [ (+45)12Is specimens The 

ho le  i n t e r a c t i o n  region appeared t o  be i n e f f e c t i v e  f o r  car ry ing  load. The mem- 

brane s t i f f n e s s  o f  a specimen w i t h  a ho le i n t e r a c t i o n  region i s  less  than the  

membrane s t i f f n e s s  of a s i m i l a r  specimen wi thout  a ho le i n t e r a c t i o n  region. 

Di f ferences between experimental and predic ted f a i l u r e  s t r a i n s  f o r  

[('30/90)8]s laminates w i t h  a hole were due t o  the  load in t roduc t i on  e f f e c t .  

This e f f e c t  occurred i n  some specimens o f  t h i s  laminate t h a t  were 25.4-cm-long 

causing a nonuniform load d i f f u s i o n  i n t o  the i n t e r i o r  of the  specimen. The e f f e c t  

was a func t ion  of specimen length, hole diameter, and p l y  o r ien ta t ion .  Experi- 
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mental r e s u l t s  i n d i c a t e  t h a t  t he  e f fec t  was e l iminated by lengthening the  speci- 

men. L imi ted experimental r e s u l t s  suggest t h a t  t h e  s t rength of [(rt45)12]s 

laminates w i t h  holes was not  a f fec ted  by the  load in t roduc t i on  e f f e c t ,  
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TABLE 1 . SPECIMEN STACKING SEQUENCE AND GEOMETRY1 . 

1 

- .. - . ... . 

specimen with a single specimen with ’ 
hole (a  = 0) two holes 

Laminate Laminate 
Specimen Orientat ion Thickness, cm 1, cm d, cm e, cm a, cm 

A 1  (* 30/90 181s 0.59 25.4 1.27 12.70 0. 
I 

A2 
A3 
A4 
A5 
A6 
A7 
A8 
A9 
A10 
A 1  1 
A12 f 

. 59 
67 . 68 

.68 

.59 

.58 

.65 

.65 

.65 

.65 

.59 

25.4 2.54 12.70 00 
38.1 2.54 19.05 0. 
38.1 3.81 19.05 0. 
38.1 5.08 19.05 0. 
25.4 1.27 5.05 15.24 
25.4 1.27 9.53 6.35 
25.4 1.27 10.16 5,08 
25.4 1.27 10.80 3.81 
25.4 2.54 5.08 15.24 
25.4 2.54 8.89 7.62 
25.4 2,54 10.16 5.08 

B1 C(+45) 121s .64 25.4 1.27 6.35 12.70 

. 64 25.4 2.54 6.35 12.70 
e 64 25.4 2.54 7.62 10.16 

B2 
83 

1 A l l  specimens are  12.7 cm wide and are symmetric with respect t o  the  
horizontal  center l  i ne and the ver t ica l  center l  i ne. 
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TABLE 2. MEMBRANE STIFFNESS AND FAILURE DATA 
FOR [ (+30/90)8], SPECIMENS 

Specimen EA, MN MPa percent 

A 1  
A2 
A3 
A4 
A5 
A6 
A7  
A8 
A9 
A10 
A l l  
A 1  2 

40.1 
38.5 
39.3 
36.6 
35.8 
40.1 
39.1 
38.7 
37.4 
35.4 
36.6 
37.2 

294 
255 
244 
202 
178 
292 
286 
244 
275 
200 
223 
240 

0.55 
0 49 . 53 . 40 
.35 
055 . 54 . 52 
.62 . 47 
051 . 48 

TABLE 3. FAILURE DATA FOR [(+45)12Is SPECIMENS 

Fai 1 ure stress,  F a i l u r e  s t ra in ,  
Specimen MPa percent 

B 1  
82 
B3 

175 
156 
153 

1.63 
1.54 
1.48 



Figure 1. Typical specimen i n  t e s t  f ixture .  
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